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Hyperspectral Scattering for assessing Peach Fruit Firmness
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Light scattering is related to the structural characteristics of fruit and hence is potentially useful for estimating
fruit firmness. This research investigated hyperspectral scattering as a means for measuring peach fruit
firmness. A hyperspectral imaging system was used to simultaneously acquire 153 spectral scattering profiles,
generated by a broadband light beam, from ‘Red Haven’ and ‘Coral Star’ peaches between 500 and 1000 nm.
The spectral scattering profiles at individual wavelengths were fitted accurately by a two-parameter Lorentzian
distribution function with the average value for the coefficient of determination r2 greater than 0�990.
Firmness prediction models were developed, using multi-linear regression coupled with cross validation, on
relating individual Lorentzian parameters and their combinations at different wavelengths to peach fruit
firmness. The wavelength of 677 nm, corresponding to chlorophyll absorption, had the highest correlation
with fruit firmness among all single wavelengths. However, a combination of 10 or 11 wavelengths was needed
in order to obtain best predictions of fruit firmness. Best firmness predictions were obtained with values for r2

of 0�77 and 0�58 for ‘Red Haven’ and ‘Coral Star’ peaches when Lorentzian parameters a and b were used as
independent variables where a and b are the peak scattering value and the full width of the scattering profile at
one half of the peak value, respectively. Hyperspectral scattering is potentially useful for rapid, non-
destructive estimation of peach fruit firmness.
r 2005 Silsoe Research Institute. All rights reserved

Published by Elsevier Ltd
1. Introduction

Firmness is an important textural attribute for peach
fruit and directly influences their shelf life and consumer
acceptance. Currently, peach firmness is routinely
determined by the destructive Magness–Taylor (MT)
firmness tester, which records maximum force for a steel
probe of specific size and shape to penetrate fruit, for a
pre-determined distance. Although the MT firmness
tester is prone to operational error and does not have
good repeatability, it is still the most widely used
technique for measuring fruit firmness.
Non-destructive sensing of fruit firmness would

provide the fruit industry with a means to ensure the
quality and consistency of individual fruit, increase
consumer satisfaction, and thus improve industry
profitability. Considerable research has been reported
on developing non-destructive sensing techniques for
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measuring fruit firmness. The majority of reported
studies have been focused on using mechanical methods
including quasi-static force/deformation, impact, and
sonic test (Abbott et al., 1997; Lu & Abbott, 2004). As
the MT tester and non-destructive mechanical methods
measure different mechanical properties, their correla-
tion varies widely with values for the coefficient of
determination r2 in the range between 0�30 and 0�85 for
a variety of fruits (Hung et al., 2001; Shmulevich et al.,
2003).

Over the past 15 years, near-infrared (NIR) spectro-
scopy has received increased attention as a means for
measuring internal quality of fresh fruit, especially
flavour-related quality attributes such as soluble solids
content (Dull et al., 1989; Kawano et al., 1992;
Lammertyn et al., 1998; Lu, 2001; Lu et al., 2000;
Moons et al., 1997; Slaughter, 1995). Research on using
NIR spectroscopy to measure fruit firmness has also
r 2005 Silsoe Research Institute. All rights reserved

Published by Elsevier Ltd
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been reported, but the results are still not satisfactory
(Lu & Ariana, 2002; Lu et al., 2000; McGlone &
Kawano, 1998).
When a light beam impinges on the fruit, a small

fraction will be reflected at the surface (specular
reflectance) and the majority of the light will penetrate
into the fruit. The penetrated light will scatter and
propagate in different directions in the fruit owing to the
change in the index of refraction at the interfaces of
different cellular structures. Some of the penetrated light
will be absorbed, some will go through the whole fruit
and emerge from the opposite side (transmission), and
some will scatter back and reemerge from the region
close to the beam incident point, which is often called
diffuse reflectance. Multiple scattering takes place in
dense scattering media such as fruit. The fruit-softening
process is accompanied with the change in the tissue
density and the weakening of cells and other cellular
structures, which in turn would affect light scattering.
Soft fruit tend to have a broader scattering profile than
firmer fruit (Peng & Lu, 2004). However, the interaction
of light with the fruit tissue is complicated by the fact
that photons are also being absorbed during the
multiple scattering process. The spatial intensity profile
of diffuse reflectance (or simply the scattering profile) at
the surface of the fruit is influenced by, or related to,
both absorption and scattering properties of the fruit.
Quantification of light scattering and absorption in the
fruit may be achieved by measuring spatially resolved
diffuse reflectance (Tuchin, 2000). Such quantification
could lead to improved assessment of fruit firmness.
Several researchers investigated the potential of using

light scattering to measure fruit firmness and/or
maturity. A laser diode was used as the light source,
and monochromatic scattering at the surface of the fruit
was acquired by using either a colour charge-coupled
device (CCD) camera (Cho & Han, 1999; Tu et al., 1995)
or a single channel CCD detector (McGlone et al.,
1997). These studies showed that light scattering is
related to fruit firmness, but the correlation is still low or
inconsistent. Other researchers (Cubeddu et al., 2001;
Valero et al., 2004) used time-resolved laser reflectance
spectroscopy to measure the optical properties (absorp-
tion and scattering coefficients) of fruit and then relate
them to internal quality of the fruit. While the time-
resolved reflectance spectroscopy technique is promis-
ing, the instrumentation is still expensive and difficult to
use, and it is time consuming to collect optical properties
(Cubeddu et al., 2001).
Lu (2004) proposed a new concept of using multi-

spectral imaging to measure scattering from apple fruit
at five selected wavelengths in the visible/NIR region.
Spectral scattering images were reduced to one-dimen-
sional scattering profiles. By using the artificial neural
network method, scattering profiles were related to fruit
firmness of apples; good firmness predictions were
obtained with a value for r2 of 0�76 for Red Delicious
apples. Peng and Lu (2005) further compared three
mathematical models for describing scattering profiles
from apple fruit. They reported that a three-parameter
Lorentzian distribution function was best in describing
multi-spectral scattering profiles and for estimating fruit
firmness.

While multi-spectral imaging enables us to acquire
spectral images at a few (normally less than ten)
selected, discrete wavelengths, hyperspectral imaging
has become a powerful tool for acquiring both spectral
and spatial information from an object at contiguous
wavelengths over a wide spectral range. The technique is
thus useful for quantifying or detecting spatial varia-
tions of properties in food and agricultural products,
and it has been researched extensively for quality
evaluation and safety inspection of agricultural and
food products (Lawrence et al., 2003; Lu, 2003; Lu &
Chen, 1998; Martinsen & Schaare, 1998; Peirs et al.,
2003).

This paper reports the results from a study of using
hyperspectral scattering for estimating peach fruit
firmness. Compared to few selected wavelengths used
in multi-spectral scattering (Lu, 2004), the hyperspectral
imaging technique used in this research simultaneously
acquired scattering profiles for all 153 wavebands in
500–1000 nm at a spectral resolution of 3�28 nm. Owing
to the large amount of information acquired by the
hyperspectral imaging system, the technique is particu-
larly useful in identifying key wavelengths for firmness
prediction. Specific objectives of this research were to:
(a)
 acquire hyperspectral scattering images from peach
fruit over the visible and short-wave NIR region
between 500 and 1000 nm;
(b)
 propose an empirical mathematical model to de-
scribe scattering profiles from peach fruit at
individual wavelengths; and
(c)
 develop firmness prediction models relating para-
meter spectra of hyperspectral scattering profiles to
peach fruit firmness.
2. Materials and methods

2.1. Peach samples

The experiment was carried out during the 2003 and
2004 harvest seasons. In 2003, ‘Red Haven’ peaches
were hand-harvested three times over 1 week period
from the orchard of Michigan State University Teaching
and Research Farm in East Lansing, Michigan. Peach
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samples were visually inspected, and only those of
regular shape and free of visual defects were selected for
the experiment. In 2004, a different cultivar, ‘Coral
Star’, was used because the cultivar used in the previous
year was not available for the research. The same
harvest procedure was used in 2004. A total of 450 ‘Red
Haven’ peaches were used in 2003, and 440 ‘Coral Star’
peaches in 2004.
2.2. Hyperspectral imaging system

A hyperspectral imaging system developed in the US
Department of Agriculture/Agricultural Research Ser-
vice (USDA/ARS) postharvest engineering laboratory
at Michigan State University, East Lansing, Michigan
was used for this study (Fig. 1). The system mainly
consisted of a high-performance back-illuminated CCD
camera and its control unit (model C4880-21, Hama-
matsu Corp, Japan), an imaging spectrograph (ImSpec-
tor V9, Spectral Imaging Ltd., Finland), a specially
assembled light unit with a quartz tungsten halogen
lamp as the light source (Oriel Instruments, USA), and
the sample holder (Fig. 1). The imaging spectrograph
acquired spectral information by line-scanning the fruit
and dispersing the light from the scanned line into
different wavelengths, using a prism–grating–prism
configuration while preserving its original spatial
information. The dispersed light signals were then
projected onto the CCD detector, creating a special
two-dimensional image; one dimension represents the
spatial and the other spectral [Fig. 2(a)]. The light source
used in this study was a circular beam of 1�6mm
diameter with the divergence angle less than 171. As the
Fig. 1. Schematic of the hyperspectral imaging system for acquiring
beam hit the fruit, it illuminated a portion of the fruit
surrounding the incident point as a result of light
scattering and propagation in the fruit tissue. This
generated a backscattering image at the surface of the
fruit. With the camera-exposure time and amplification
gain being properly adjusted, the hyperspectral imaging
system line-scanned the fruit 1�5mm off the incident
centre so that the CCD detector pixels would not be
saturated by high-intensity signals in the beam centre
(Fig. 1). The effective spectral region covered by the
hyperspectral imaging system was between 500 and
1000 nm.

The hyperspectral imaging system was calibrated both
spectrally and spatially by following the procedures
described in Lu and Chen (1998). Spectral calibrations
were performed using spectral lamps (xenon, argon,
krypton, and mercury), a fluorescent lamp, and a laser
diode at 905 nm. For the spatial calibration, a white
paper printed with thin parallel lines of 2mm apart was
placed at the sample holder. The calibration results
showed that the system was highly linear and the
distortion of spectral and spatial information was within
one pixel on the CCD detector. Thus, no spectral and
spatial corrections were needed for the system. The
hyperspectral imaging system had a spectral resolution
of 1�64 nm per pixel and a spatial resolution of 0�13mm
per pixel.
2.3. Experimental procedure

The peaches used in the experiment had surface hair
or trichomes, which may lead to increased noise in the
image and, to a lesser degree, affect the scattering profile
scattering images from peach fruit; CCD, charge coupled device



ARTICLE IN PRESS

0

2000

4000

6000

8000

500 600 700 800 900 1000
Wavelength, nm

In
te

ns
ity

, C
C

D
 c

ou
nt

 

0

2000

4000

6000

8000

0 15 30 45 60
Distance, mm

In
te

ns
ity

, C
C

D
 c

ou
nt

 

(b) (c)

Spatial axis

Spectral axis

Spectral
profiles 

Scattering 
profiles 

(a)

Fig. 2. Hyperspectral scattering image of a peach fruit (a), where the vertical axis represents spectral and the horizontal axis
spatial; raw (unsmoothed) spectral profiles from different spatial locations are shown in (b) and raw spatial scattering profiles at

four wavelengths are shown in (c); intensities are expressed as CCD count, with no unit
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when they are imaged. Hence, the peaches were first
cleaned by a cloth to remove surface hair. This
experimental procedure is compatible with what is
practiced in modern packinghouses where fruit are
washed and brushed to remove surface dirt or hairy
tissue before being inspected by a machine vision
system. After the peaches were cleaned, an equatorial
location free of visible defect and irregular surface
characteristics was selected on each fruit for imaging
and the subsequent MT testing, without regarding skin
colour. Each fruit was placed on the holder with the
stem-calyx end horizontal. The holder had an opening
of 30mm diameter. Each fruit was imaged four times
and these images were then averaged. Only average
images were saved for further analysis.
After hyperspectral images had been taken, MT

firmness measurements were performed on the peaches
from the same imaging area by using an 11mm steel
probe mounted onto a tabletop universal testing
machine. A small part of the fruit peel was removed
before the MT measurement was performed on each
fruit. The probe was penetrated into the fruit for a depth
of 8�0mm at a loading rate of 2�0mm/s, and maximum
forces recorded were used as a reference measure of fruit
firmness.
2.4. Mathematical model for scattering profiles

To improve the signal-to-noise ratio, the original
512� 512 scattering images were first reduced to
256� 256 images by the 2� 2 pixel averaging [Fig. 2(a)].
A region of interest (ROI) was then selected from each
image, covering a spectral region of 500–1000nm and
the total spatial dimension of 30mm. Each ROI contains
a large amount of information about the fruit. A vertical
line taken from the image represents a spectral profile
for a particular point of the scanning line from the
surface of the fruit. In essence, each scattering image
is composed of hundreds of spectra; each spectrum
comes from a different position at the fruit surface
[Fig. 2(b)]. On the other hand, a horizontal line from
the image represents the spatial scattering profile for a
specific wavelength [Fig. 2(c)]. There were 153 scattering
profiles from each ROI image covering the spectral range
between 500 and 1000nm at a spectral resolution
of 3�28nm. The following mathematical model, i.e. a
Lorentzian distribution function, was proposed to fit each
scattering profile:

Iwi
¼

awi

1þ ðx=bwi
Þ
2

(1)
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where: I is the light intensity in the CCD count; x

is the scattering distance measured from the beam
incident centre, in mm; a represents the peak value
of the scattering profile at x ¼ 0 in the CCD count; b is
the full width of the scattering profile at one half
of the peak value, in mm; the subscript wi represents a
specific wavelength in the range between 500 and
1000nm with i ¼ 1; 2; 3; . . . ;N where N is the total
number of wavelengths (153). The Lorentzian func-
tion is widely used for describing laser beam profiles
and light scattering in optics. Peng and Lu (2005)
showed that a Lorentzian function with three para-
meters fitted scattering profiles accurately for selected
wavelengths acquired by a multi-spectral imaging
system.
Nonlinear regression was performed for fitting the

two-parameter Lorentzian function to each scattering
profile for individual peaches at each wavelength. Thus,
the scattering profile at each wavelength was completely
described by two Lorentzian parameters a and b. After
completing the curve fitting for all 153 wavelengths,
values for the two parameters, a and b, were assembled
to form two parameter spectra for each fruit. These
spectra were further analysed for predicting peach fruit
firmness.
2.5. Firmness prediction models

After the two parameter spectra a and b were
obtained, statistical methods were used to develop
firmness prediction models for each cultivar. Since there
are two parameter spectra in comparison to one
spectrum from NIR spectroscopy, a different approach
was needed on relating these parameter spectra to fruit
firmness. First, firmness prediction models were devel-
oped utilising each parameter spectrum (a and b). Next,
the multiplication of parameters a and b, designated as
a� b; was used for developing another firmness predic-
tion model. The parameter multiplication a� b reduces
two spectra to one, which represents the area enclosed
by the scattering profile. Finally, parameter spectra a

and b were treated as two independent variables,
referred to as a & b, which means that there are two
values or variables from a and b, respectively, at each
wavelength instead of one value as in the previous three
prediction models. Firmness predictions from these four
models were compared in order to determine the best
means of relating parameter spectral data to fruit
firmness.
To develop a firmness prediction model, all peach

samples for each cultivar (450 in 2003 and 440 in 2004)
were first separated into two groups randomly as: 75%
for calibration and 25% for validation. The following
five steps were then taken to develop the firmness
calibration model.
(1)
 Multi-linear regression (MLR) was applied to the
calibration samples to calculate the values for r2 and
the standard error of calibration (SEC) between
scattering parameter(s) and MT firmness for each
wavelength. The values for r2 (or SEC) were ranked
in descending (or ascending) order for all wave-
lengths. The wavelength that had the highest value
for r2 (or the lowest for SEC) was selected as the best
single wavelength. While the MLR method is not
very efficient in multi-variate calibration compared
to such methods as principal component regression
(PCR) and partial least squares (PLS), it could better
suit the needs of this research. First, since there are
two parameter spectra, i.e. a and b, the use of PCR
or PLS could be a problem when dealing with the
parameter combination a & b: Second, the MLR
method ranks individual wavelengths in the order of
their importance for estimating fruit firmness. This
information is especially useful for the development
of a sensing system that only uses selected wave-
lengths (Lu, 2004). The MLR equation for the first
three prediction models (i.e. a, b, and a� b) is given
below:

F ¼ C0 þ
XJ

j¼1

CjX wj
(2)

and for the fourth model (a & b),

F ¼ C0 þ
XJ

j¼1

Cjawj
þ
XJ

j¼1

Djbwj
(3)

where: F is the MT firmness in N; C0, Cj and Dj are
the regression coefficients with j ¼ 1; 2; 3; . . . ; J in
which J is equal to the number of optimal
wavelengths selected for each model; X represents
a or b or a� b; and wj refers to a selected
wavelength. The fourth model in Eqn (3) has
(2� J þ 1) terms compared to (J+1) terms for
Eqn (2) when the same number of wavelengths is
selected.
(2)
 A search for the best two wavelengths was started.
Individual wavelengths were sequentially added to
the best single wavelength, and the corresponding
values for r2 and SEC were calculated for all two-
wavelength combinations. The best two wavelengths
were determined when they gave the highest values
for r2 and the lowest for SEC among all two-
wavelength combinations. This process repeated
until the calibration model with all wavelengths
was obtained.
(3)
 Cross-validation was applied to the calibration set,
starting from the best single wavelength, to ensure
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that no over-fitting would occur to the calibration
model. Each time, one sample was taken out from
the calibration set. A calibration model was estab-
lished for the remaining samples and the model was
then used to predict the sample left out. Thereafter,
the sample was placed back into the calibration set
and a second sample was taken out. The procedure
was repeated until all samples have been left out
once. The root mean square error of cross-validation
(SECV) was calculated for each of all wavelength
combinations.
(4)
–15 –10 –5 0 10 155
The combination of wavelengths that gave the least
value for the SECV was selected to be the optimal
combination of wavelengths.
Distance, mm(a)
(5)
4000
A prediction model with the optimal wavelengths
was established by the MLR method for all
calibration samples, and it was then validated by
the validation set.
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3. Results and discussion

The MT firmness of the 450 ‘Red Haven’ peach
samples ranged from 5�4 to 110�0N, with the mean of
44�7N and the standard deviation (SD) of 29�0N. The
MT firmness for ‘Coral Star’ peaches ranged between
5�0 and 99�7N, with the mean of 47�2 N and the SD of
28�2N.
Distance, mm(b)

Fig. 3. Curve fitting results from the Lorentzian function at
wavelengths of 710 nm (a) and 850 nm (b) for a peach fruit with
Magness–Taylor firmness of 84�0 N; intensities are expressed in

CCD count, with no unit
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Fig. 4. Coefficients of determination obtained from fitting
scattering profiles by the Lorentzian function over the spectral
region between 500 and 1000 nm for 450 peaches; Vertical bars

in the figure represent two standard deviations for r 2
3.1. Scattering profiles

Typical curve fitting results from the Lorentzian
function for the scattering profiles of a peach fruit at
wavelengths of 710 and 850 nm are shown in Fig. 3. The
Lorentzian function fitted the scattering profiles accu-
rately at both wavelengths. Overall, the two-parameter
Lorentzian distribution function fitted the scattering
profiles accurately for wavelengths between 600 and
1000 nm (Fig. 4). The average value of the correlation
coefficient for these peaches was greater than 0�990 for
wavelengths greater than 600 nm. For wavelengths
below 600 nm, the Lorentzian function did not fit the
scattering profiles as well as for wavelengths greater
than 600 nm. This is primarily because light signals at
these wavelengths were much lower with considerable
noise. As a result, only the data between 600 and
1000 nm were used in the development of firmness
prediction models. Similar results were also obtained for
‘Coral Star’ peaches in 2004.

Figure 5 shows the spectra of a and b for selected ‘Red
Haven’ peach samples. While the parameter a had
dramatic changes in its value over the spectral region
between 600 and 1000 nm, the magnitude of change for
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Fig. 6. Simple correlation coefficient spectra obtained for the
four parameter combinations over the wavelengths between 600
and 1000 nm for ‘Red Haven’ (a) and ‘Coral Star’ (b) peaches;
—, a, the peak value of scattering profiles; - - - , b, the full width
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the parameter b was much smaller. There are two large
concave peaks around 677 and 950 nm on the spectra of
parameter b, which correspond to chlorophyll and water
absorption bands, respectively.
3.2. Estimated fruit firmness versus individual

wavelengths

Figure 6 shows the simple correlation coefficient
between four combinations of scattering parameters
(i.e. a, b, a� b; and a & b) and MT firmness over
wavelengths 600–1000 nm for ‘Red Haven’ and ‘Coral
Star’ peaches. For ‘Red Haven’ peaches, parameter b

had a consistently higher correlation with MT firmness
than that of parameter a for the entire wavelength range
600–1000 nm. The pattern of the correlation spectrum
for a� b is interesting; it had lowest values of the
correlation coefficient with MT firmness over the entire
spectral region, except for the wave band around 677 nm
at which the correlation (r ¼ 0�63) was considerably
higher than that for parameters a and b. The combina-
tion a & b yielded the overall highest value for the
correlation coefficient over the entire spectral region
between 600 and 1000 nm, even though its difference
with parameter b was minimal between 740 and 930 nm
[Fig 6(a)]. At 677 nm, the parameter combination a & b

had the highest correlation to MT firmness, with a value
for r of 0�69.

The overall pattern of the correlation for the four
parameter combinations versus wavelength for ‘Coral
Star’ peaches was similar to that for ‘Red Haven’
peaches [Fig. 6(b)]. The combination a� b correlated
with MT firmness consistently better than the other
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three combinations. At 677 nm, the four parameter
combinations, in the order of the magnitude of
correlation coefficient, were a & b; a� b; a, and b. For
the wavelengths between 700 and 950 nm, the order of
the four parameter combinations was a & b; a� b; b,
and a.
The results in Fig. 6 showed that wavebands around

677 nm had a most significant impact on the MT
firmness compared to other wavebands. This observa-
tion is not totally surprising since chlorophyll content is
related to fruit maturity. The fruit maturing process is
accompanied with the decrease in chlorophyll content.
As the chlorophyll content decreases, fruit firmness also
changes.
14
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Fig. 7. Root mean squares error of cross-validation (SECV) for
estimating fruit firmness versus the number of wavelengths used
for ‘Red Haven’ (a) and ‘Coral Star’ (b) peaches when
Lorentzian function parameters a and b were treated as
independent variables; The minimal SECV was obtained when
ten wavelengths were used for ‘Red Haven’ and 11 wavelengths

for ‘Coral Star’
3.3. Firmness predictions with optimal wavelengths

Results in Fig. 6 indicate that the best single
wavelength was 677 nm for all four parameter combina-
tions. This single wavelength is, however, not sufficient
for accurate estimation of MT firmness. The cross
validation method was used to find a set of optimal
wavelengths that would yield best predictions of peach
fruit firmness. When the parameter combination a� b

was used for estimating peach fruit firmness, the best
correlation was obtained with 10 wavelengths (603, 616,
629, 642, 648, 664, 671, 677, 690, 707 nm) for ‘Red
Haven’ peaches and 11 wavelengths (625, 645, 661, 671,
674, 677, 947, 957, 976, 980, 996 nm) for ‘Coral Star’
peaches (Fig. 7). The best 10 wavelengths for ‘Red
Haven’ were concentrated in the 100 nm range between
603 and 707 nm. For ‘Coral Star’, there were six
wavelengths between 625 and 677 nm and five between
947 and 996 nm. The best top four wavelengths in the
order of importance were 677, 690, 629 and 671 nm for
‘Red Haven’ and 677, 957, 947 and 980 nm for ‘Coral
Star’. Similarly, ten wavelengths were needed to obtain
improved firmness predictions with the other three
parameter combinations. The chlorophyll absorption
band occurs around 675 nm whereas there is a water
absorption band around 950 nm. The wavelength
selection results suggest that for ‘Red Haven’ peaches,
the chlorophyll absorption band had a significant
influence on fruit firmness whereas for ‘Coral Star’,
both chlorophyll and water absorption bands had an
important effect on firmness. Chlorophyll content and
water status in the fruit are related to fruit firmness, but
their correlation is not sufficiently high. This is quite
clear from the relatively large number of wavelengths
selected for firmness predictions.
With these optimal wavelengths, the calibration

models were used to predict peaches from the validation
set. Figure 8 shows firmness prediction results obtained
with the four parameter combinations (i.e. a, b, a� b;
and a & b) for ‘Red Haven’ peaches. Among the four
combinations, parameter b had the lowest coefficient of
determination (r2) of 0�67. The parameter combination a

& b gave best firmness predictions with values for r2 of
0�77 and the standard error of validation or SEV of
14�2N. The results from a and a� b were close with
values for r2 of 0�72 and 0�73, respectively.

The overall firmness prediction results for ‘Red
Haven’ peaches (Fig. 8) are better than those for ‘Coral
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Fig. 8. Magness–Taylor (MT) firmness prediction results for ‘Red Haven’ peaches obtained with the four Lorentzian parameter
combinations: (a) a, peak scattering value; (b) b, the full scattering width at one half of the peak value; (c) multiplication of a and b,

or a� b; (d) two independent parameters a & b; r2, coefficient of determination; SEV, standard error of validation
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Fig. 9. Magness–Taylor (MT) firmness prediction results for ‘Coral Star’ peaches obtained with the four Lorentzian parameter
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Star’ peaches (Fig. 9). The best value for r2 for ‘Coral
Star’ was only 0�58 when the combination a & b was
used. The other three parameter combinations yielded
similar predictions with values for r2 between 0�51
and 0�55.
Our firmness prediction results for ‘Red Haven’

peaches with the parameter combination a & b are
comparable to the best results reported in literature by
using the impact or sonic test (Hung et al., 2001).
Although the results for ‘Coral Star’ are relatively poor,
they are also well within the middle range of the
reported results with either the impact or sonic
technique. Cultivar difference could be a factor affecting
the relatively poor predictions for ‘Coral Star’ peaches.
‘Coral Star’ peaches had a higher percentage of soft
fruit. The MT tester does not work as well with soft fruit
as with firmer fruit, which could in turn affect the
correlation for ‘Coral Star’ peaches. Furthermore, the
MT firmness measurements are also known for lacking
good repeatability due to both the inherent firmness
variability within each fruit and the instrumental factor.
This could be a limiting factor in obtaining high
correlation for the current scattering method.
4. Conclusions

The Lorentzian function with two parameters a and b,
where a is the peak scattering value and b is the full
scattering width at one half of the peak value, accurately
fitted the scattering profiles for peaches over the
wavelength range between 600 and 1000 nm. Wavebands
around 677 nm were most useful for predicting fruit
firmness of both ‘Red Haven’ and ‘Coral Star’ peaches,
reflecting the dominant effect of chlorophyll absorption
on peach firmness. For ‘Coral Star’, the wavelengths
around the 950 nm water absorption band were also
found to be useful for firmness predictions. Ten or 11
wavelengths were needed to achieve the best predictions
of fruit firmness. Among the four combinations of the
two Lorentzian parameters (a; b; a� b; and a & b), the
combination a & b (in which a and b were treated as two
independent variables) yielded best predictions of fruit
firmness with values for the coefficient of determination
r2 of 0�77 and 0�58 for ‘Red Haven’ and ‘Coral Star’,
respectively. Hyperspectral scattering is potentially
useful for assessing peach fruit firmness.
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